Pulmonary arterial hypertension (PAH) is a life-threatening disease. It is characterized by elevations in the pulmonary arterial pressure and pulmonary vascular resistance, leading to right ventricular failure and premature death (1). Sildenafilcitrate (SILD) orodispersable sublingual tablets (ODSTs) have been developed using two comparative techniques for improving their oral disintegration, dissolution and bioavailability in order to manage acute attacks of pulmonary arterial hypertension (PAH). The techniques employed were direct compression of SILD-poloxamer 188 solid dispersions (SDs) and freeze drying using various excipients. The physicochemical and solid--state properties, as well as the dissolution behavior of the tablets were evaluated. Moreover, SILD bioavailability in human volunteers from the prepared ODSTs was compared to that of the conventional oral tablet. Incorporation of SD of poloxamer188 in sublingual tablets together with Pharmaburst using the direct compression technique enhanced the extent and dissolution rate of SILD with 100 % of drug being dissolved after 7 minutes. However, the lyophilization process was superior in enhancing dissolution and 100 % of SILD was dissolved after only one minute. Moreover, the in vivo study showed that the AUC 0-12 of lyophilized tablets was significantly higher than that of directly compressed tablets, with bioavailability values of 159.81 and 140.85 %, respectively, compared to the commercial oral product.
hypertension include: endothelin receptor antagonists, prostacyclin analogs and phosphodiesterase type 5 inhibitors (PDE5Is).
Sildenafil citrate (SILD), a selective inhibitor of cGMP specific phosphodiesterase type 5 (PDE5), was approved by the FDA for the treatment of PAH in 2005. It improves cardiovascular diseases and is useful for patients with congestive heart failure as well as secondary pulmonary hypertension. It relaxes the arterial wall, and hence decreases the pulmonary arterial resistance and pressure. This improves symptoms of right-sided heart failure by reducing the workload of the right ventricle of the heart. Since PDE5 is primarily distributed within the arterial wall smooth muscle of the lungs and penis, SILD acts selectively in both of these areas without inducing vasodilation in other areas of the body,which is considered to be an advantage of SILD (2) (3) . SILD decreases myocardial apoptosis, fibrosis, and hypertrophy by activating protein kinase G, inhibiting Rho kinase, and increasing Blc-2 (4-5). Moreover, SILD was shown to prevent hypoxic pulmonary vasoconstriction without affecting systemic hemodynamics in healthy adults breathing 11 % oxygen (6) .
SILD is currently available on the market in the form of oral tablets and intravenous injections. Although the peroral route is consideredby patients and clinicians to be the most convenient route for drug delivery, the oral bioavailability of SILD is only 40 % and a high-fat meal delays its absorption (7) (8) . Parenteral administration overcomes this drawback and provides excellent bioavailability; however, it involves poor patient compliance. These limitations have stimulated the development of alternative administration routes such as trans-buccal mucosal routes,whichare now among the most popular routes for systemic drug delivery. Sublingual mucosa is characterized by high blood supply and hence rapid absorption and acceptable bioavailability of many drugs is achieved. Buccalmucosa is substantially less permeable than the sublingual area and hence does not provide rapid absorption and enhanced bioavailability observed with sublingual administration (9) .
In this study, orodispersable sublingual tablets (ODSTs) containing SILD,which is absorbed through the sublingual mucosa and enters directly into the systemic circulation avoiding the first pass metabolism, were prepared in an attempt to enhance its bioavailability and produce rapid onset of action for the treatment of PAHvia a comfortable delivery system. Two techniques for improving oral disintegration, dissolution and bioavailability were comparatively studied. The first technique employed was direct compression of solid dispersions (SDs) of SILD using poloxamer as a carrier and the second technique was freeze drying using various excipients. Physicochemical and solid-state properties, as well as the dissolution behavior of the tablets were evaluated. Moreover, SILD bioavailability in human volunteers from the prepared ODSTs was compared to that of the conventional tablet available in the market.
EXPERIMENTAL

Materials
Sildenafil citrate was kindly supplied by Eva Pharm, Egypt. Polyethylene glycol (PEG4000, PEG6000, PEG8000), Poloxamer188, Xanthum gum, xylitol and mannitol were purchased from Sigma Aldrich. PVPK30 was purchased from HIMEDIALaboratories Pvt.
Ltd. Maltodextrin DE 29 was purchased from RoquettePharma. Spray dried mannitol and Avicel PH 101 were kindly supplied by EPICO, Egypt. AC-DI-SOL, magnesium stearate, sodium starch glycolate, glycine and gelatin were purchased from EL NASR Pharmaceutical Chemicals, Egypt. Pharmaburst ® 500 was kindly supplied by SPIPharma.
Preparation of sildenafil-polyethylene glycol and sildenafil-poloxamer188 solid dispersion (SD) sublingual tablets
Preparation of physical mixtures
Physical mixtures of SILD and PEG 4000, PEG 6000, PEG 8000 and Poloxamer 188 were prepared in ratios of 1:1, 1:2 and 1:3 by mixing calculated amounts of the drug and polymers in a mortar. The resulting mixtures were sieved using sieves of mesh size 0.2-0.25 mm. The physical mixtures were stored in a desiccator at room temperature until evaluation.
Preparation of SD PEG 4000, PEG 6000, PEG 8000 and Poloxamer 188 were mixed with SILD in ratios of 1:1, 1:2 and 1:3. The mixtures were fused under constant stirring on a thermostatically controlled hot plate (Hot Plate & Stirrer, The Netherlands). After melting, the mixtures were allowed to cool and were then stored in tightly closed containers in desiccators over calcium chloride (0 % relative humidity) at room temperature until dryness. SDs were then ground using a mortar and pestle and the particle size was controlled by sieving through sieves of mesh size 0.2-0.25 mm.
Solubility studies
Excess amounts of SILD, SILD-PEG and SILD-Poloxamer 188 physical mixtures as well as SDs were suspended in distilled water in tightly closed screw-cap vials, equilibrated in a shaking water bath at room temperature for 48 hours, then filtered using a 0.45-mm Millipore filter and assayed spectrophotometrically (Shimadzu 2450, Japan) at predetermined l max . Three determinations were carried out to calculate the saturated solubility of SILD.
Dissolution studies
In vitro dissolution studies were carried out in 500 mL of distilled waterin order to maintain sink conditions (10) . Briefly, an amount of 20 mg of SILD free drug and an equivalent amount of drug loaded SDs were transferred to a USP Dissolution Tester, Apparatus II (Hanson SR8 dissolution test station,USA) rotating at 100 rpm and maintained at 37 ± 0.5°C. At predetermined time intervals (5, 10, 15, 30, 45 and 60 min), an aliquot of dissolution medium was withdrawn and analyzed spectrophotometerically for drug content. Withdrawn samples were replaced by freshly distilled water. All the determinations were carried out in triplicate.
Bitterness evaluation by a taste panel
This test was done to evaluate the effectiveness of SDs in masking the bitter taste of SILD. The test was carried out on six healthy human volunteers. The protocol of the study was reviewed and approved by the institutional review board of the Genuine Research Center, Cairo, Egypt. Before the test, all volunteers received a detailed explanation of the purpose of the study and gave their written consent. The volunteers were informed abouta numerical scale gradingthe bitterness before the test. Pure SILD and SDs of an amount equivalent to 20 mg SILD were held in the volunteers' mouth for 10 s, and then they were asked to report their results after 10 s (11).
Differential Scanning Calorimetery (DSC)
Thermal studies were performed to examine the effect of the polymers used as dispersing carriers on SILD using differential scanning calorimetry (DSC 60 Shimadzu, Japan). Pure SILD, polymer, and SDs were sealed in aluminum pans and heated over a temperature range of 20-300°C at a linear heating rate of 10°C min -1 in a nitrogen atmosphere.
X-ray powder diffraction analysis (XRPD) X-ray powder diffraction (XRPD) patterns of the SILD, polymer and the selected SD were recorded on an X-ray diffractometer (X-Pert Graphics &Idenify, Philips Analytical, The Netherlands) with an area detector operating at a voltage of 40 kV and a current of 30 mA using CuKa radiation. The scanning rate was 1.2 degree min -1 and the scanning scope of 2Q was from 5 to 40°at room temperature.
Fourier transform infrared spectroscopy (FTIR)
SILD, polymer and the selected SD were examined by FTIR (ThermoScientificNicolet 6700, USA). Samples of 2-3 mg were ground with 100 mg of dry potassium bromide powder and compressed into a disc with a hydrostatic press. The scanning range was 400-4000 cm -1 .
Preparation of tablets by direct compression SILD SD tablets were prepared by the direct compression technique. Each tablet was composed of SD containing an amount equivalent to 20 mg of SILD, magnesium stearate as lubricant, xylitol and peppermint as sweetening and flavoring agents, respectively. Two types of superdisintegrants were used, either sodium starch glycolate (SSG) together with PVP K30, Avicel PH 101 as binder and spray dried mannitol as diluent (S1-S4) or Pharmaburst ® 500 (S5-S8). All ingredients were used at different concentrations, as shown in Table I . Before compression, the previously sieved SDs and excipients were mixed in a glass mortar, followed by tumbling for 15 min in a Turbulamixer, then the lubricant was added and mixing was continued for further 5 min. The powder mix was compressed using a single tablet machine with aflat-faced punch of 7-mm diameter (MiniPress II, Karnavaty, India).
Preparation of SILD lyophilized sublingual tablets
Two groups of lyophilized tablets were prepared using two different matrix formers; the first was maltodextrin which also acts as diluent and collapse protectant, together with Xantham gum (X.gum) asbinder and viscosity enhancer, xylitol as sweetener and PEG 8000; these formulae were coded as F1-F3. The second matrix former was gelatin formulated together with mannitol as diluent, glycine as collapse protectant and PEG 8000; these formulae were coded as F4-F9. All ingredients were used at different concentrations, as shown in Table II . Briefly, an accurately weighed amount of SILD powder was dispersed in an aqueous solution of the matrix former and other excipients under stirring with a magnetic stirrer to result in a dose of 20 mg of SILD per 0.4 milliliter. An amount of 0.4 milliliter of each prepared suspension was then poured into the pockets of a PVC blister pack, resulting in tablets of 20 mg each. Tablet blister packs were then kept in a freezer at -28°C for 24 hours. Frozen tablets were placed in a lyophilizer for 24 hours using a Novalyphe-NL 500 Freeze Dryer. The condenser temperature was -45°C and the pressure was 7´10 -2 mbar. Lyophilized tablets were then kept in tightly closed containers in desiccators at room temperature.
Evaluation of prepared tablets
Prepared SILD tablets were subjected to the quality control tests, namely,mass uniformity, drug content, hardness, friability, and in vitro disintegration tests. 
Moisture content A Karl Fischer titrator was used for assessment of residual moisture in the tablets processed by lyophilization. Each tablet was crushed, placed in the titration vessel containing dried methanol (Karl Fischer grade) and titrated with Hydranal Composite 5 reagent (Riedel-de-Haen, Seelze, Germany) after stirring for 3 minutes. The test results presented are the mean ± SD.
Wetting time and water absorption ratio
Ten milliliters of distilled water containing the water-soluble dye eosin were added into a Petri dish of 10 cm diameter. The tablets were placed in the center of the Petri dish and the time required for water to reach the upper surface of the tablets was recorded as the wetting time. The results are the mean value ± SD.
For the water absorption ratio (R), tablets were weighed before wetting (W b ) and after wetting (W a ) and the ratio was calculated according to the following equation (12):
In vivo oral disintegration time
Oral disintegration time was tested on six healthy volunteers. The protocol of the study was reviewed and approved by the institutional review board of the Genuine Research Center, Cairo, Egypt. Before the test, all volunteers received a detailed explanation of the purpose of the study and gave their written consent. Each of the six volunteers was asked to rinse his mouth with distilled water and was then given a coded tablet and instructed to place the tablet under the tongue. The time required for complete disintegration of the tablet was recorded. The volunteers were allowed to spit out the content of the oral cavity after tablet disintegration and rinse their mouth with distilled water (13) . The test results are presented as the mean value ± S.D.
In vitro dissolution studies
In vitro dissolution studies of sublingual and lyophilized tablets containing 20 mg of SILD together with the conventional market product Revatio ® 20 mg oral tablets (Pfizer, USA) were carried out as previously done for the dissolution of SDs. At predetermined time intervals (1, 2, 3, 5, 7, 10, 15, 20, and 30 min), an aliquot of the dissolution medium was withdrawn and analyzed spectrophotometrically for drug content. Withdrawn samples were replaced by freshly distilled water. All determinations were carried out in triplicate.
Dissolution profiles of the prepared tablets were compared with the commercial product using the similarity factor (ƒ2) defined by the following equation (14):
where n is the number of sampling time points, R t and T t are the mean percent dissolved of the reference (commercial product) and the test (prepared sublingual tablets), respec-tively, up to each time point t. ƒ2 represents a logarithmic transformation of the sum--squared error of differences between the reference and the test products over all time points. In order to consider similar dissolution profiles, ƒ2 values should be higher than 50 (50-100).
Statistical analysis
All statistical analyses were made using ANOVA, followed by Fisher's PLSD (pairwise least significant difference) for multiple comparisons at p £ 0.05 using the StatView statistical software program.
Pharmacokinetic study on healthy volunteers
Subject selection
Six healthy volunteers aged between 20 and 40 years were chosen. None of the volunteers had any history of drug or alcohol abuse, nor did they have any acute or chronic gastrointestinal, cardiac, vascular, hepatic or renal diseases. The protocol of the study was reviewed and approved by the institutional review board of the Genuine Research Center, Cairo, Egypt. The research was carried out in accordance with the international clinical research guidelines, enunciated in the Declaration of Helsinki,adopted in Helsinki in 1964 and amended in Seoul, South Korea, October 2008 (15) . The purpose of the study was fully explained and the volunteers gave their written consent. The informed consent forms were carefully read before signing. All questions were discussed in detail with the clinical staff. Special emphasis was placed on the adherence of subjects to the study protocol and on the possible adverse events. The subjects were instructed to take no drugs for one week prior to and during the course of the study.
Study design
Randomized, single dose, three-way crossover open-label study was performed using three SILD formulations,viz., the prepared F4 and S7 sublingual tablets and the conventional market product Revatio ® 20 mg oral tablets (Pfizer, USA). Following an overnight fast of at least 10 hours in all phases, subjects swallowed the conventional oral tablet (Revatio ® 20 mg tablets) with a cup of water, and the sublingual formulations were properly put under the tongue and were not swallowed. No additional water or fluids were alloweduntil 2 hours after the dose. A standard meal was provided at approximately 4 hours after drug administration. Meal plans were identical in the three periods and were served approximately at the same time. Subjects were housed after dosing until the 12-hour blood draw. Seven days were allowed between the three doses, as washout periods.
Sample collection
Venous blood samples were collected in glass tubes before administration of the dosage form, and at 0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 2.50, 3.00, 4.00, 6.00, 8.00, and 12.00 hours after drug administration. All samples were collected and plasma was immediately separated from blood cells by centrifugation at 3000 rpm for 10 min and stored frozen at -20°C until analysis.
Determination of SILD in human plasma
A sensitive, selective and accurate LC-MS/MS method was developed and validated before the study for determination of SILD in human plasma. The method was validated following international guidelines (16) . Torsemide internal standard (IS) stock solution was prepared by dissolving 10 mg in methanol and was serially diluted with the mobile phase to give a final working concentration of 50 ng mL -1 . A Shimadzu Prominence (Shimadzu, Japan) series LC system equipped with a degasser (DGU-20A3), solvent delivery unit (LC-20AB) and an auto-sampler (SIL-20 AC) was used to inject 20 mL aliquots of processed samples on a Luna C (Phenomenex, USA) (50´4.6) mm, having a 5-mm particle size. All analyses were carried out at room temperature. The isocratic mobile phase (pH 4.5) consisted of acetonitrile and (0.02 M) ammonium acetate buffer (70 %, 30 %, V/V) and 0.1 % formic acid delivered at a fiow rate of 1.0 mL min -1 into the mass spectrometer's electrospray ionization chamber. Quantitation was achieved by MS/ MS detection in the positive ion mode for both SILD and IS, using a MDS Sciex (Foster City, CA, USA) API-3200 mass spectrometer, equipped with a turbo ionspray interface at 300°C
. The ion spray voltage was set at 5500 V. Common parameters, viz., nebulizer gas, curtain gas, auxiliary gas and collision gas were set at 30, 22, 20 and 5 psi, respectively. Compound parameters, viz., declustering potential (DP), collision energy (CE), entrance potential (EP) and collision exit potential (CXP) were 76 V, 63 V, 10 V, 4 V for SILD and 31 V, 23 V, 6 V, 4 V for Torsemide (IS), respectively. Ion detection was performed in the multiple reaction monitoring (MRM) mode, monitoring the transition of the m/z 475.2 precursor ion to the 58.2 for SILD and 348.9 precursor ion to the m/z 263.9 for IS. Quadrupoles Q1 and Q3 were set at unit resolution. Analytical data were processed using Analyst Software (Version 1.4.2).
Sample preparation
Frozen human plasma samples were thawed at ambient temperature. Human plasma samples (1.0 mL) were placed in 5-mL glass tubes, and 1 mL acetonitrile containing IS was added to each and vortexed for 1 min. The upper layer was then transferred to the autosampler vial and 20 mL was injected into the system.
Pharmacokinetic and statistical analyses
Plasma concentration-time data of SILD was analyzed for each subject by non-compartmental pharmacokinetic models using Kinetica ® Software (version 4.4.1). Peak plasma concentrations (C max ) and the time of their occurrence (T max ) were directly obtained from the concentration-time data. The area under the plasma concentration-time curve (AUC 0-12 ) from time zero to the last measured concentration was calculated according to the linear trapezoidal rule. The terminal elimination rate constant (lz) was estimated by linear regression of the terminal portion of the ln (concentration)-time curve, and the elimination half-life was calculated. Relative bioavailability of SILD sublingual tablets compared to the commercial product was calculated according to the following equation:
Relative bioavailability (%) = Analysis of variance was used to assess the effect of the formulation on pharmacokinetic parameters. Differences between two related parameters were considered statistically significant for p-value equal to or less than 0.05.
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RESULTS AND DISCUSSION
Characterization of SDs
Solubility and dissolution
There was a significant increase in the solubilityof prepared physical mixtures compared to the plain drug (results not shown). Moreover, Table III shows that SDs significantly increased the solubility of SILD up to 1.65 fold, except for PEG 6000 which showed a non-significant increase in solubility (p<0.05). It is worthy to note that the solubility of SILD from SDs was significantly higher than from their physical mixture counterparts, so physical mixtures were excluded from further testing.
SDs prepared using poloxamer 188, PEG 4000 and PEG 8000 enhanced SILD dissolution compared to the plain drug and physical mixtures; the percentage of SILD dis- solved after 5 min. was more than 93, 88 and 87 % from SDs prepared using poloxamer, PEG 4000 and PEG 8000, respectively. However, the percentage of SILD dissolved after 5 min. from SDs prepared using PEG 6000 was in the range of 65 to 83.5 %. The efficiency of SDs in enhancing the solubility and dissolution of SILD could be due to the formation of a high energy metastable state of SDs (17) and a reduction in particle size in addition to the presence of carrier, which prevented aggregation of fine drug particles, thus providing a larger surface area for dissolution (18) .
The superiority of poloxamer in enhancing the solubility and dissolution of SILD is due to its wetting property and surface activity, which resulted in a decrease in the interfacial tension between the medium and the drug and, hence, higher SD dissolution. Moreover, the presence of a larger number of H-bond forming groups resulted in the development of a strong force that inhibited agglomeration and recrystallization of the drug, leading to optimal dispersion of the system (19) (20) .
Bitterness evaluation
Bitterness evaluation revealed reduction in the bitterness score of the plain drug from very strong to moderate, slight and very slight when incorporated in SDs (Table III) . This is due to the efficiency of SDs in masking the bitter taste (21) .
The above results indicate that SD1 and SD10 prepared using a small polymer amount (drug to polymer ratio 1:1) showed high solubility (with no significant difference from other SDs of high solubility) and high dissolution rate and extent along with good masking of bitterness and were hence chosen for further studies.
Differential scanning calorimetry (DSC)
The DSC thermograms (Fig. 1) of SILD, poloxamer and PEG8000 gave sharp endothermic peaks at 198, 52 and 63°C, respectively.SD1 thermogram showed two endother- mic transitions. One was very close to poloxamer melting temperature at 55°C, and the other corresponded to the drug at 200°C.SD10 thermogram showed two endothermic transitions. One was very close to PEG8000 melting temperature at 65°C, and the other corresponded to the drug at 204°C.The peaks corresponding to the drug in SDs were shortened and broadened, indicating an interaction that may suggest formation of a hydrogen bond between the lone pair of electrons of the drug nitrogen atom and the OH group of the polymer.
X-ray powder diffraction analysis (XRPD)
The XRPD pattern (Fig. 2) 15 .08 had disappeared. The decrease in peak number and the decrease in peak intensity of SILD indicate a reduction in its crystallinity in the formulated solid dispersions.Moreover,it might have dispersed as a microcrystalline form that enhances its solubility and dissolution.
Fourier transform infrared spectroscopy (FTIR)
FTIR study (Fig. 3) shows peaks for PEG8000 at 3481, 2887 and 1105 cm -1 and at 3437, 2887 and 1147 cm -1 for poloxamer 188,corresponding to the stretching associated with O-H, C-H and C-O bonds, respectively. The drug shows peaks at 1170 and 1359 cm -1 for symmetric and asymmetric SO2, respectively, at 1582 and 1702 cm -1 for symmetric and asymmetric COOH, respectively, at 3301 cm -1 for the N-H group, and peaks from 3030 to 2733 cm -1 corresponding to aliphatic C-H. Analysis of the spectra of SDs shows broadening of peaks at 3430 cm -1 , suggesting the formation of a hydrogen bond between the lone pair of electrons of the drug nitrogen atom and the OH group of the polymer (22) , which explainsthe enhanced solubility of SD together with the decrease in drug crystallinity.
Evaluation of the prepared tablets
SILD SD sublingual tablets
As shown in Table IV , SILD SD sublingual tablets showed uniformity in thickness and diameter with average diameter ranging from 6.86 ± 0.05 to 6.94 ± 0.07 mm and average thickness ranging from 2.04 ± 0.03 to 2.35 ± 0.09 mm, indicating uniform die fill. None of the prepared tablets deviated from the stated limit (±5 %) of mass variation, indicating proper mixing of excipients with SD. All the assayed tablets are within the pharmacopoeiallimit (±15 %) for drug content.Friability of the tested tablets ranged from zero to 0.13 % and their hardness ranged from 35 to 57 N with an average of 44.7 N, indicating good mechanical strength that can withstand mechanical and physical stress during handling. However, S3 was sticking to the punch and was excluded from the study. Wetting time and water absorption ratio Table IV shows thatthe formulations containingPharmaburst (S5, S6, S7, S8) gave a short wetting time, ranging from 3.8 to 5.7 s, and higher water absorption ratio, ranging from 32 to 37 %. On the other hand, those containing SSG (S1, S2, S4) gave a significantly higher wetting time, ranging from 35 to 87 s, and lower water absorption ratio, ranging from 9 to 18 %. It is worthy to note that increasing the SSGconcentration from 10 to 25 % shortened the wetting time from 87 to 35 s and increased the water absorption ratio.
In vitro disintegration time (DT)
In vitro disintegration time (DT) of formulations prepared using Pharmaburst was significantly lower than that of those prepared using SSG, with values ranging from 88 to 180 s and from 250 to 300s, respectively (Table IV) .
In vivo oral DT
In vivo oral DT (Table IV) ranged from 75to 180s for Pharmaburst formulations while those of SSG ranged from 180 to 300 s. These results indicate a good correlation between in vitro and in vivo studies and again show that Pharmaburst significantly shortened DT in comparison with SSG.
The short wetting time, increase in absorption ratio together with shorter DT of Pharmaburstformulations may be explained by the fact that Pharmaburst is a coprocessed excipient composed of crospovidone,mannitol, sorbitol and precipitated silicon dioxide. It dissolves quickly with a good mouthfeel. It was developed to provide optimum compaction, friability, rapid disintegration and creamy mouthfeel. Moreover, crospovidone as a superdisintegrantpossesses porous particle morphology that enables rapid absorption of liquids, up to 50 %, into the tablet by capillary action and generates rapid volume expansion and hydrostatic pressure that result in tablet disintegration and increased absorption ratio and consequently short wetting time (23). 
In vitro dissolution
Results of theinvitro dissolution study illustrated in Fig. 4 show that not all the prepared SD sublingual tablets prepared by direct compression were superior to the conventional market product. The dissolution profile of S1 and S4 was similar to the commercial product, with ƒ2 values of 51.26 and 52.44, respectively,while the dissolution profile of S2 was significantly lower than the market product with the ƒ2 value of 43.25. However, only S5, S6, S7 and S8 showed significantly higher dissolution profiles compared to the commercial product, with the ƒ2 values of 33.83, 37.89, 27.92 and 33.72, respectively.
Comparing the profiles of the sublingual tablets prepared using direct compression, it was observed that formulations prepared using Pharmaburst (S5, S6, S7 and S8) gave a higher release rate and extent of SILD compared to those prepared using SSG where 100 % of SILD was released from Pharmaburstformulations after 7 min; however, S1, S2 and S4 prepared using SSG released 100 % of the drug after 15, 20 and 15 min., respectively. These findings come in agreement with the results of the wetting time, water absorption ratio and DT.
By further inspection of Fig. 4 , it was observed that formulations prepared using poloxamer as a solid carrier (SD1) were superior to those prepared using PEG8000 (SD10), as manifested by higher dissolution of S5 compared to S6, S7 compared to S8, and S1 compared to S2. As previously mentioned, this might be due to the presence of a larger number of H-bond forming groups,which resulted in the development of a strong force that inhibited agglomeration and recrystallization of the drug, leading to optimal dispersion of the system. It is worthy to note that incorporation of SD of poloxamer188 in sublingual tablets together with Pharmaburst gave a better extent and release rate than SD of PEG8000, as evidenced by the higher dissolution of S5 and S7 compared to S1, and S6 and S8 compared to S2.
It was also observed that increasing the concentration of Pharmaburst from 58 to 78 mg and SSG from 10 to 25 mg enhanced dissolution (S5 vs. S7, S6 vs. S8 and S2 vs. S4).
According to the above results, S7 was proven to be superior compared to other formulations and was hence subjected to further in vivo studies.
Lyophilized sublingual tablets
Formulations prepared using maltodextrin as a matrix former (F1, F2, and F3) showed low mechanical strength and inelegant appearance and could not withstand manual handling, so these formulations were excluded from further testing. All other formulations were within acceptable pharmacopoeial requirements for both mass variation and drug content uniformity (Table V) . Friability of tested tablet formulations was zero %, except for F5 which was 2.2 % that deviated from the acceptable limit andwas excluded from further testing. This might be due to the low concentration of gelatin, which decreases mechanical strength (24),along with the effect of PEG8000, a low melting point glycol, that caused a decrease of tablet hardness and accordingly an increase in tablet friability (25) . The residual moisture content in lyophilized tablets was very small, not exceeding 5 %, indicating that lyophilization was efficient in removing water from the tablets. The remaining moisture is required to maintain the integrity of tablets and prevent them from cracking (Table V) .
Wetting time and in vitro disintegration time (DT)
Wetting time increased with increasing gelatin concentration, where F4, F6 and F8 gave wetting times of 9, 10, and 20 s, respectively. Moreover, increasing the gelatin concentration caused an increase in the in vitro disintegration time, with F4 having the shortest disintegration time (Table V) . This is due to a decrease in the binding properties of gelatin by decreasing its concentration (26) . In vivo oral DT Table V shows that the in vivo oral DT could be arranged in the following ascending order, F4 < F6 < F7 < F8 < F9 where F4 prepared using 1 % gelatin showed the shortest DT of 10 s, while F9 prepared using 3 % gelatin showed the longest DT of 115 s. The increase in DT with an increase in gelatin concentration might be explained by the fact that during the freeze-drying process the aqueous solutions of gelatin are rapidly cooled, leading to the formation of a 3D gel network with water trapped inside, and then the trapped rozen water sublimates, leaving behind only the 3D network. By increasing gelatin concentration, a larger number of crosslinks and inter-chain H-bonds are formed between the gelatin strands (27) and since the mechanism of disintegration is due to the weakening of intermolecular bonds upon penetration of the disintegration medium between the tablet's excipients, increasing gelatin concentration delays DT.
Studying the effect of PEG 8000 as disintegrant on the invivo disintegration time, it was found that PEG 8000 did not decrease DT -the in vivo DT was 20 s for F7 vs. 15 s for F6 and 115 s for F9 vs. 23 s for F8. This was due to the increase in the solid concentration of the prepared formulae on adding PEG, which decreased the ability of ice to grow during the freezing step and hence decreased the number of pores left after the sublimation stage, resulting in longer DT (28) .
Comparing the in vivo DT of lyophilized tablets with that of SD tablets prepared by direct compression, it was observed that the DT of lyophilized tablets ranged from 10 to 115 s and that of SD prepared by direct compression ranged from 75 to 240 s, indicating that the lyophilization process is more efficient in formulation of sublingual tablets.
In vitro dissolution study
The cumulative percent of drug dissolved as a function of time from lyophilized tablets is illustrated in Fig. 5 . All the prepared lyophilized sublingual tablets gave significantly higher dissolution than the market product in the first 5 minutes, with the ƒ2 values of 15.2, 16.8, 20 .86, 33.65 and 46.2 for F4, F6, F7, F8 and F9, respectively.
The percentage of drug dissolved from lyophilized tablets in 1 min can be arranged in the descending order as follows F4 > F6 > F7 > F8 > F9 with values of 100, 89, 51, 38 and 24 %, respectively. These results indicate that lyophilization enhanced the dissolution of SILD; complete dissolution was achieved from F4 in 1 min and from F6 and F7 within 5 min and was retarded by 20 min in cases of F8 and F9. Decrease in the dissolution rate in case of F8 and F9 was due to the high content of gelatin compared to other formulations,which was correlated with both disintegration time and wetting time that were increased by the increase in gelatin concentration.
By inspection of Fig. 5 , it was observed that the percentage of SILDdissolved from formulations containing PEG was lower than from their counterparts with no PEG. This might be due to the decrease in PEG solubility due to its high molecular mass.
It is worthy to note that thelyophilization process was superior in enhancing dissolution compared to direct compression; 100 % of SILD was dissolved after only one minute (F4) compared to 7 min (S7) in direct compression.
Lyophilization is a robust process; it imparts a glassy amorphous porous structure to the bulking agent, thereby enhancing the dissolution characteristics of the formula-tion. Tablets prepared by this technique have usually a light mass, with a very high specific surface area and a very porous open matrix network into which saliva rapidly moves to disintegrate lyophilized mass after it is placed in the mouth (29) (30) .
Overall results showed that F4 was the best formula; hence it was subjected to further in vivo studies to be compared with the S7 compressed tablet.
PHARMACOKINETIC STUDY IN HEALTHY VOLUNTEERS
Revatio ® is absorbed after oral administration, with a mean absolute bioavailability of 41 %. The T max ranges from 30 to 120 minutes (median60 min) from oral dosing in the fasted state.A high-fat meal delays the absorption of sildenafil citrate (7) (8) , with a mean delay in T max of 60 min and a mean reduction in C max of 29 %. Sildenafil and its major circulating N-desmethyl metabolite are both approximately 96 % bound to plasma proteins. Protein binding is independent of total drug concentrations (31) .
The mean plasma concentration versus time curves of SILD following administration of SD sublingual tablets (S7), lyophylized sublingual tablets (F4) and the commercial oral tablets (Revatio ® ) to human volunteers are shown in Fig. 6 . The corresponding mean pharmacokinetic parameters calculated from the individual curves are collectively summarized in Table VI. The plasma concentration-time profiles as well as the calculated pharmacokinetic parameters showed that the prepared sublingual tablets improved the oral absorption of SILD, expressed by the significantly higher C max (1.5-2 fold), significantly shorter T max and the significantly higher AUC 0-12 (nearly 1.5 fold) (p< 0.05) compared to the conventional oral tablet. The improved rate and extent of absorption and hence bioavailability of SILD might be due to the rapid disintegration and fast dissolution of sublingual tab- lets with no variation in T max (32) . Moreover, the rapid transport of SILD across a single epithelial layer of the sublingual mucosa into the interstitial fluid on the basolateral side of the epithelial cells and then into the venous circulation might be the reason for the observed shorter T max (30, 33) . It is worthy to note that the method of sublingual tablet preparation had a significant effect on the bioavailability of SILD, as evidenced by the significantly shorter T max of lyophilized tablets (F4) compared to directly compressed tablets (S7), with values of 0.5 and 0.75 h, respectively. Moreover, the AUC 0-12 of lyophilized tablets (F4) was significantly higher than that of the directly compressed tablets, with relative bioavailability values of 159.81 and 140.85 %, respectively. This may be attributed to the fact that the freeze-drying process imparts a glossy amorphous structure to the bulking agent and sometimes to the drug, with an increase in the surface area and hence the surface free energy, resulting in an increase in the dissolution rate and therebybioavailability (34) .
CONCLUSIONS
This comparative study reveals that both direct compression of SD and freezedrying were successful techniques in preparing SILDODSTs with significantly higher C max , significantly higher AUC 0-12 , enhanced bioavailability and a rapid onset of action for treatment of acute attacks of PAH compared to the conventional oral product. Although freeze-dried sublingual tablets showed enhanced dissolution and bioavailability compared to directly compressed SD tablets, the SD technique by the fusion method is advantageous because it is less time consuming and economically less expensive in both processing and equipment.
